The essential steps of the novel non-mevalonate pathway of isopentenyl diphosphate and isoprenoid biosynthesis in plants are described. T h e first five enzymes and genes of this l-deoxy-D-XylUlOSe S-phosphate/2-C-methyl-~-erythritol 4-phosphate (DOXP/MEP) pathway are known. T h e herbicide fosmidomycin specifically blocks the second enzyme, the DOXP reductoisomerase. T h e DOXP/MEP pathway is also present in several pathogenic bacteria and the malaria parasite. Hence, all herbicides and inhibitors blocking this novel isoprenoid pathway in plants are also potential drugs against malaria and diseases caused by pathogenic bacteria.
Introduction
T h e common C, precursors of isoprenoids isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) are synthesized either via the classical acetate/mevalonate (Ac/MVA) pathway or the non-mevalonate 1 -deoxy-~-xylulose S-phosphate/2-C-rnethyl-~-erythritol 4-phosphate (DOXP/MEP) pathway. T h e Ac/MVA pathway was first established in animals and yeast by Conrad Bloch and Feodor Lynen in 1958 (for original literature see the reviews [l-31) . For about 40 years it was assumed that this Ac/MVA pathway is commonly used for Key words: DOXPIMEP pathway, fosrnidornycin. Abbreviations used: Ac/MVA, acetatehevalonate; DOXP, I -deoxy-D-xytulose 5-phosphate; DXS. DOXP synthase; DXR, DOXP reductoisornerase; IPP, isopentenyl diphosphate; MEP, 2-C-methyl-o-erythritoI4-phosphate; DMAPP, dirnethylallyl diphosphate; CDP-ME, 4-(cytidine 5'-diphospho)-2-C-rnethylerythritol; ME cyclodiphosphate, 2-C-rnethyl-~-erythritol 2,4-cyclodiphosphate. 'E-mail hartrnut.lichtenthaler (a, bio-geo.uni-karlsruhe.de isoprenoid biosynthesis in all organisms. In this pathway IPP is synthesized from three molecules of acetyl-CoA with the intermediate MVA. In recent years it was well established in plants, most algae and several bacteria that, besides the classical Ac/MVA pathway, there exists another route for IPP biosynthesis. This alternative pathway for IPP biosynthesis was found first in eubacteria [4] and soon also in several photosynthetic organisms such as higher plants [2, 5, 6] and algae as well as in cyanobacteria and diatoms [ l l ] , as summarized by Lichtenthaler [3] . This novel pathway of IPP formation also occurs in the apicoplast of the malaria parasite Plasmodium falciparum [12] and is found in various pathogenic eubacteria too (Table l) , but not in animals and archaebacteria. T h e novel DOXP/MEP pathway is an ideal target to develop herbicides and antibacterial drugs [13] .
In higher plants and several algae there is a compartmentation of isoprenoid biosynthesis [2, 3] . T h e non-mevalonate DOXP/MEP pathway is used in plastids to synthesize isoprenoids such as isoprene, phytol and carotenoids. This was proved by the incorporation of 2H-and 13C-labelled 1 -deoxy-~-xylulose into isoprene and phytol [10, 14] , and /3-carotene and methylerythritol [6] , as well as of radiolabelled DOXP and MEP into /3-carotene by plastid preparations of different plants [15] . Moreover, in green algae also the cytosolic isoprenoids (sterols) are formed via the DOXP/MEP pathway [8] , and it appears that green algae (Chlorophyta) have lost the cytosolic Ac/MVA pathway [16] . In contrast, in higher plants cytosolic isoprenoids are formed via the classical Ac/MVA pathway of isoprenoid biosynthesis (Figure 1 ). Experiments with 14C-labelled precursors of both pathways indicate that partial export of IPP or prenyl chains from the n Table I Presence of, and accession numbers for, gene sequences of the DOXPlMEP pathway of isoprenoid formation in higher plants, apicomplexa (P. falciparurn) and in eubacteria
The genes code for the enzymes DXS (dxs), DXR (dxr), CDP-ME synthase (ygbP), 4-(cytidine 5'-diphospho)-2-C-methylerythntol (CDP-ME) kinase (ychB) and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (ME cyclodiphosphate) synthase (ygb6) The dxs, dxr, ygbP, ych6 and ygb6 homologues have not been found in mammals and archaebacteria and do not exist in the complete sequenced genomes of the yeast Socchoromyces cerevisioe or the nematode Coenohobditis elegons +, Highly similar sequences t o the E cob dxs. dxr, ygbP and ych6 genes have been found in these organisms. given as preliminary data in the database of the Institute of Genomic Research (http / / w t i g r o r g ) chloroplast into the cytoplasma can occur, but there is no clear-cut evidence for an import of IPP or prenyl chains from the cytosol to chloroplasts.
The DOXPlMEP pathway of isoprenoid biosynthesis
T h e DOXP/MEP pathway of IPP biosynthesis starts with the formation of DOXP from Dglyceraldehyde 3-phosphate and pyruvate through the action of the DOXP synthase (DXS; Figure  2 ). T h e reaction is similar to that of transketolases: a C, unit derived from pyruvate is transfered to an aldose in a thiamine-dependent reaction. T h e enzyme DXS has been cloned from several higher plants [17-191, Chlamydomonas [20] , Escherichia coli [21, 22] and a Streptomyces strain [23] . T h e In the second step the enzyme DOXP reductoisomerase (DXR) catalyses the transformation of DOXP into MEP, consisting of a C-C skeletal rearrangement and a reduction step. T h e DXR was recently cloned in the plants A . thaliana [20] and Mentha piperita [25] , and also in the eubacterium E . coli [26] . Fosmidomycin, a herbicidal substance, efficiently inhibits the plants ' carotenoid, phytol and isoprene biosynthesis [27] by specifically blocking the DXR (Figure l) , as shown for Arabidopsis [20] and E . coli [28] .
Recently the next three steps of the DOXP/ MEP pathway were described by two different research groups. 4-(Cytidine S'-diphosph0)-2-C-
Mevalonate methylerythritol (CDP-ME) is formed from M E P by reaction with C T P [29, 30] . T h e enzyme has been cloned from E. coli and A. thaliana [31] . T h e phosphate kinase [34] , but it is the CDP-ME kinase [32, 33] .
T h e fifth step in the biosynthesis of IPP is the Fosmidomvcin * DXR
ZC-Methyl-~-erythritol4-P
corresponding gene is also found in the genomes of several micro-organisms and plants (Table 1) . Moreover, CDP-ME is incorporated into carotenoids by isolated Capsicum chromoplasts [29] .
Furthermore, in E. coli it was shown that the CDP-ME synthase encoded by ygbP is essential for IPP biosynthesis [30] . This indicates that CDP-ME is indeed an intermediate of the DOXP/ M E P pathway. T h e fourth enzyme of the DOXP/MEP pathway, CDP-ME kinase [32, 33] , phosphorylates CDP-ME at the 2-hydroxy group in an ATP-dependent reaction (Figure 2 ). This enzyme is encoded by the hitherto unannotated ychB gene of E. coli, which shows the same distriformation of 2-C-methyl-~-erythritol 2,4-cyclodiphosphate (ME cyclodiphosphate) [3 5,361 , which is accumulated in several bacteria under oxidative stress conditions [37, 38] (Table 1 ). This kinase had wrongly been described as a possible isopentenyl monoof M E cyclodiphosphate, and the following steps possibly include two reductases and two dehydratases ( Figure 2 ). T h e resulting IPP is then Figure I Supposed compartmentation of the two pathways of IPP and isoprenoid biosynthesis in higher plants, red algae and chrysophytes
The partial export of prenyldiphosphates from plastids t o the cytosol is indicated by an arrow, the import of IPP or famesyl diphosphate (FPP) into chloroplasts is still questionable. The cytosolic pathway for IPP formation can specifically be inhibited by the antibiotics mevinolin and cerivastatin and the DOXP/MEP pathway by the hetticide fosmidomycin. DXS, DOXP synthase; DXR, DOXP reductoisornerase; GA-3P, glyceraldehyde 3-phosphate; GPP. geranyl diphosphate: GGPP, geranylgeranyl diphosphate; HMGR, hydroxymethylglutaryl-CoA reductase. Scheme modified after [3] . CDPmahyl-D+lythritd-2-pho8ph8te (CDP-ME-2P)
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Inhibitors of the DOXPlMEP pathway
Since the DOXP/MEP pathway also occurs in several pathogenic bacteria ( Part of this work was sponsored by the DFG (Bonn), which is gratefully acknowledged.
